Recent scientific evidence for fish sentience has stressed the need for novel sentience-based detection tools of fish welfare impairment in commercial farms. In order to mimic a wellcharacterised stress situation, rainbow trout (Oncorhynchus mykiss) were exposed to poor water quality (hypoxia combined with high ammonia level) for three weeks (stressed group, S) and compared to a non-stressed control group (NS). After a return to water quality standard, emotional responses were assessed in fish subjected to two potentially threatening situations: (i) social isolation in a novel environment and (ii) human presence. In addition, we used an appetitive-conditioning paradigm to determine whether previous chronic deterioration of water quality disturbs cognitive abilities in fish. Spontaneous behaviour in the tanks was also recorded during the environmental challenge as a reference for fish activity. We observed that in S fish, plasma cortisol levels were increased before and after social isolation in a novel environment compared to the plasma cortisol levels in the NS group, despite the absence of a behavioural difference between the two groups. Under deteriorated water quality, fish locomotor activity was globally reduced and this reduction was correlated to increased 2 shoaling behaviour. Farmers can use these first behavioural modifications as a sentinel detector for fish welfare impairment. More importantly, we demonstrated that reactivity to a human presence in a home-environment and food-anticipatory behaviour were both inhibited in the S group. We consider that these two sentience-based tests are highly relevant for fish welfare assessment at the group level and are easy to use in the aquaculture industry.
. This food-anticipatory activity can be a sensitive measure for assessing the effect of chronic stress on cognition. Moreover, the anticipatory state reflects the need and the inclination of an animal for pleasant events (e.g. meals), and represents, by itself, a good approach for observing welfare from the perspective of the animal (Spruijt et al., 2001) . In this study, we measured fish learning rate in a classical conditioning paradigm at the group level to easily evaluate the impact of chronic stress not only on cognition but also on the general inclination of the fish for pleasure (e.g. positive emotion), by anticipating a food reward.
The purpose of this study was to develop several innovative and complementary emotional and cognitive approaches for welfare phenotyping that may, in the future, be used under aquaculture conditions. To this aim, deteriorated water quality (hypoxia combined with high ammonia levels) induced by reducing water renewal in tanks was used as a chronic stressor in a case study, reflecting common problems encountered in aquaculture. Under commercial farming conditions, deterioration of water quality can have dramatic negative effects on fish food intake, food conversion efficiency, growth (Person-Le Ruyet et al., 2008; Santos et al., 2010) , health (Cohen et al., 2012) , body injuries (d'Orbcastel et al., 2009) , and physiology and endocrinology (Caldwell and Hinshaw, 1994; Vianen et al., 2001; McNeill and Perry, 2006; O'Connor et al., 2011) . Several effects on fish behaviour have also been observed in response to hypoxia. Fish subjected to hypoxia display increased surface aquatic respiration (Abdallah et al., 2015) , decreased locomotor activity (Herbert and Steffensen, 2005; Xu et al., 2006; Espmark and Baeverfjord, 2009) , and altered anti-predator behaviour, with disruption of the school unit (Domenici et al., 2007) . Rainbow trout is a major aquaculture species and chronic deterioration in water quality has been demonstrated as being critical for welfare, as evaluated by physiological, health and growth classical welfare indicators (Caldwell and Hinshaw, 1994; vanRaaij et al., 1996; Vianen et al., 2001; Person-Le Ruyet et al., 2008) . each tank were recorded using a portable probe connected to an Optical Density Reader (Hach-Lange, France). In the control group, oxygen monitoring was carried out at D0, D2, D3, D11, D12, D13, D14 and D21. The oxygen levels over the 3-week period are reported in Fig. 1 . To attain the required experimental oxygen level in each treatment, the experimenter activated the tap adjusting the flow rate in each tank (stressed group: flow ranging between 144 and 180 l/h; control group: flow ranging between 612 and 720 l/h). In each tank, the water inlet was positioned at the opposite side of the feeder and a submerged pipe distributed the inflowing water towards the tank wall, causing a circular flow pattern. The outlet was positioned in the centre of the floor of the tank. Ammonia levels were measured on D7 and D14 in 2 control and 2 stressed tanks (the same 4 tanks on each day) (stressed group: ammonium nitrogen (NH4-N) = 0.71 ± 0.01 mg/l and 0.56 ± 0.01 mg/l, respectively; control group: NH4-N = 0.35 ± 0.03 mg/l and 0.37 ± 0.03 mg/l, respectively). Water pH was 6.5. At this pH, ammonia was in the ionized form, which is the less toxic form of ammonia. The temperature ranged between 10°C and 12°C during the experimental period. Ammonium nitrogen was measured with an ammonia test kit (Hach-Lange, France). Throughout the 3week challenge period, we recorded a total of 11 dead fish from the 529 fish initially reared in the stressed condition, i.e. 2% mortality (vs 0% in the control condition).
Fish were fed 3 times per day ad libitum with a commercial diet (43% proteins and 24% lipids), supplied by Arvotec® automatic feeders. Fish were starved for 24 h before individual behavioural tests.
A 30 cm-vertical net prevented the fish from escaping during acclimation. Tanks were equipped with digital cameras positioned directly above the tanks (one camera for two tanks).
Luminosity was controlled and the room was automatically illuminated from 08:00 to 20:00.
Behavioural parameters
1 1 fish were grouped in the feeding area with scramble competitions). This index is more sensitive than that of the human approach test since differences between groups are subtler and the intervals between scans are shorter in a conditioning test.
For the behavioural parameters obtained during the open-field test and for body weight and length measurements, Student's t-tests were used to compare the two experimental groups, since data distribution reached normality (evaluated by a Shapiro-Wilk normality test). For cortisol levels, a two-way ANOVA was performed to determine the effects of chronic stress (2 levels), acute stress (i.e. before and after the open-field test, 2 levels) and the interaction between these two fixed factors. The significance of the differences between means was tested using post-hoc tests (Tukey's HSD test) .
For focal observations, two-way ANOVAs were performed to determine the effects of chronic stress (2 levels), day (paired data, 5-6 levels) and their interaction (n = 6). The significance of the differences between means was tested using post-hoc tests (Tukey's HSD).
In order to reach a normal distribution in behavioural data (Shapiro-Wilk normality test), quantitative data were square-root transformed and the proportions (0-1) of time spent immobile or grouped (focal observations), in thigmotaxis or moving (open-field test) were arc-sine-square-root transformed.
For appetitive conditioning and human approach data, scores did not reach normal distribution, even after transformation. Therefore, we performed the non-parametric Mann-Whitney test (R, Mann-Whitney-Wilcoxon test) at each time point between the two independent groups. Between trials comparisons were performed within each treatment using Wilcoxon tests since trials were dependant data.
To examine the relationship between time spent immobile and time spent grouped, we used Pearson's correlations on asin transformed data.
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In the stressed group, a significant decrease in stereotypies was observed between D-1 and all subsequent days (P < 0.001). In the control group, a decrease in stereotypies appeared from D1, with significant differences between D1 and D11 (P < 0.001) as well as D1 and D18 (P < 0.05).
Regarding the amount of time spent inactive, significant effects of the treatment (2-way ANOVA, F 1,50 = 56.22, P < 0.001; Fig. 3a ), days (F 4,50 = 12.55, P < 0.001) and their interaction (F 4,50 = 10.95, P < 0.001) were observed. Post-hoc tests showed a higher amount of time spent inactive in the stressed group at D11 (P < 0.001), D16 (P < 0.001) and D18 (P < 0.01). The increase between D-1 and D11, D16, and D18 was significant (P < 0.001).
We found significant effects of the treatment (F 1,50 = 49.77, P < 0.001), days (F 4,50 = 9.59, P < 0.001) and their interaction (F 4,50 = 9.79, P < 0.001) on the amount of time that was spent grouped (Fig. 3b ). Stressed fish spent significantly more time grouped than control fish at D11 (P < 0.001), D16 (P < 0.001) and D18 (P < 0.01). The increase between D-1 and D11, D16, and D18 was significant (P < 0.001). A positive Pearson's correlation was found between the time spent immobile and the time spent grouped as a shoal (t = 11.07, df = 82, correlation coefficient = 0.77, P < 0.001).
Open-Field test

Behavioural data
No significant difference was observed between control and stressed fish in any behavioural parameter (Table 2) .
Cortisol data
1 5 n = 6, P = 0.028, Fig. 7a ). A tendency appeared at trial 5 and trial 6 (W = 27, P = 0.07). No significant increase of the conditioned response within any group was observed across trials at this time-point.
At time-point 105 seconds (ie 5 seconds after the onset of the water-flow and 15 seconds before the food-reward), the conditioned response index was higher in the control group than in the stressed group at trial 5 (W = 30, n = 6, P = 0.027, Fig. 7b ) and trial 11 (W = 33, P < 0.01). Conditioned index tended to be greater in the control group at trial 6, trial 8, trial 10, trial 12 and trial 14 (0.05 < P < 0.1). Regarding the progress of the conditioned response between trial 1 and the subsequent trials, an increase tended to be significant in the control group only (trial 1 vs trial 8: Wilcoxon test for paired data: V = 0, P = 0.07 and trial 1 vs trial 11: V = 0, P = 0.09). In the stressed group, no increase was observed in the conditioned response across trials.
Discussion
A chronic exposure to poor water quality, induced by reducing water renewal, was performed in farmed fish in order to reveal novel sentience-based welfare markers that would be easy to use in husbandry systems. The deterioration in water quality included hypoxia, ammonia and possibly the increase in total suspended solid concentration. These experimental conditions were representative of poor water quality encountered in commercial rearing systems.
However, the elevation of ammonium nitrogen observed in our tanks remained significantly below the recommended thresholds for rainbow trout (Thurston et al., 1981) .
Fish behaviour observed by focal observations
Oxygen is a limiting factor for metabolism, and salmonids show reduced growth at levels that are considered mild hypoxia (70% saturation at 16°C; Remen et al., 2012) . Here, severe hypoxia was applied (40% saturation at 10-12°C). This explains important morphological (weight, length and K-factor) discrepancies between stressed and control groups after 3 weeks. The overall focal observations indicate that the chronic stress protocol dramatically reduced fish group activity. This is in accordance with various previous studies, which also demonstrated a decrease in locomotor activity in different fish species exposed to hypoxic , 2015) . If locomotor activity represents a complex and situation-specific pattern, any visual increase or decrease of the swimming activity in tanks can be easily observed by fish farmers and thus would represent a relevant indicator of impaired welfare. Stereotypies, jumps or accelerations are usually linked with stressful aquaculture procedures and usually represent a behavioural indicator of poor welfare in farmed fish (Ellis et al., 2002; van de Nieuwegiessen et al., 2008) . Startle responses have been observed in cases of severe acute hypoxia when salmonids get to the point of limiting oxygen saturation (LOS, below the threshold for upholding routine metabolism), which is the point where vigorous escape kicks in (Remen et al., 2013) . In the present study, we showed that this category of behaviours was under-expressed in the stressed group. The activity level seems to reach a floor effect, probably due to the extent of the stressor, which combined several physic-chemical parameters. Surface activity, including stereotypies and jumps, also decreased in the control group. In this study, the period of acclimation to the experimental conditions lasted for 2 weeks, which is probably not a long enough duration for fish to cope with the new rearing units (size, stocking density). In a previous study, we observed behavioural perturbations 10 days after transferring fish (Colson et al., 2015a) . We attributed the global decrease in activity during the acclimation period to the possibly occurring resolution of dominance relationships. The present decreased activity, measured by lower levels of repetitive rubbing and jumping in the controls, confirms the importance of the acclimation period duration in behavioural studies and welfare assessment. This period should last for at least 2 weeks following fish transfer.
The reduced swimming activity observed under degraded water quality was correlated with increased shoaling behaviour. Fish responded to unfavourable conditions by modifying their swimming speed as well as their use of space. Whoriskey et al (1985) reported that under hypoxic conditions, three-spined sticklebacks (Gasterosteus aculeatus) formed schools as an anti-predator response, rather than attempting to escape. Under hypoxia, salmonids may adjust their spatial positioning within the current velocity gradients in the area with the best water quality, as well in accordance with the influent normoxic water. In the present study, we observed that the latter scenario caused aggregation close to the water inlet. Moreover the water current velocity was decreased in the stressed group, which might also explain the difference in fish position between treatments. Therefore, any modification in fish behaviour (activity and space use) may be easily detectable at group level and represents a first sentinel welfare marker that may be subsequently linked to more subtle sentience-based indicators.
Open-field test
Chronic stress sometimes results in apathy or blunted emotion, while in other cases it leads to heightened emotional reactivity. Apathy would likely develop when an animal has no way of avoiding negative events, whereas hyper-reactivity would occur when an animal thinks it can control the events (Dantzer and Mormède, 1983; Taghzouti et al., 1999; Boissy et al., 2001; Alcaro et al., 2002; Destrez et al., 2013) . Here, we investigated whether either emotional arousal or apathy might be a consequence of a previous chronic stress. However, no significant differences in fear-related behaviour − neither startle responses, nor apathetic behaviour (immobility, thigmotaxis) − appeared between the stressed and the control fish
subjected to the open-field test (i.e. social isolation in a novel environment). The flight strategy is frequently observed in chronically stressed animals subjected to an additional acute stressor (mammals: Destrez et al., 2013; birds: Calandreau et al., 2011; zebrafish (Danio rerio) : Piato et al., 2011) however it was not observed here. One could expect that fish previously exposed to poor water quality might use less energy-demanding forms of response, such as hiding. Complete immobility close to the wall of the tank represents the only available strategy to hide in barren environments for cultured fish. However, immobility and thigmotaxis levels were similar between the stressed and the control fish. Further study is needed to clarify whether the absence of a difference in emotion-related behaviour between the two groups is because the environmental stressor was too mild or because oxygen level is not a major regulator of emotional reactivity. This might also be explained by the standard water quality reversal 24 hours before the test, which could have disrupted the effects.
However, this reversal was necessary to avoid any behavioural bias due to neuromuscular inhibition in fish during low oxygen conditions. Emotional reactivity is inferred from behavioural components and also from neurophysiological processes (cardiac and cortisol reactions). Regarding hypothalamuspituitary-interrenal (HPI) axis sensitivity, cortisol levels measured 30 minutes after the beginning of the open-field test were higher in fish previously exposed to poor water quality. This is in accordance with previous studies, which also revealed a cortisol increase after a chronic period of hypoxia in Atlantic cod (Herbert and Steffensen, 2005) , sturgeon (Huso huso) (Lakani et al., 2013) and Arctic char (Salvelinus alpinus) (Sandblom et al., 2013) .
However, in three-spined stickleback, O'Connor et al. (2011) found no measurable effect of a prolonged period (7 days) of hypoxia on cortisol levels, suggesting that these fish acclimated to the low level of oxygen over time. In our study, the chronic stressor lasted for a longer period (3 weeks) and hypoxia was combined with an increase in ammonia nitrogen levels.
This suggests that a prolonged period of poor water quality does have long-lasting effects on the HPI axis sensitivity when fish are subjected to an additional acute stress, even after 24 hours of normoxia recovery, and despite the absence of a behavioural response. Similarly, Vindas et al. (2016) observed high cortisol baseline values and strong cortisol responsiveness to acute stress in emaciated and behaviourally inhibited salmon. These authors also reported high baseline serotonergic activity and inability of further response to acute stress in these fish, and proposed this as a behavioural mediator for avoiding further stress exposure.
Human avoidance test
In practice, individual emotional responses of fish subjected to isolation in a novel tank remain difficult to evaluate in husbandry systems whereas fish group reactivity is more easily detectable. We, therefore, measured fish group behavioural responses to the approach of a human, which can represent a potentially threatening event for farmed fish. During the experiment, fish were automatically fed and we therefore did not expect fish to have a positive association with a human presence (Speare et al., 1995) . As expected, in the control group we observed strong human avoidance, with fish grouping as a shoal at the opposite side of the tank, when the experimenter approached. However, human avoidance was significantly lower in stressed fish than in controls. This result suggests that chronic stress leads to an inhibition of the normal escaping behaviour classically expressed in automatically fed fish.
This inhibited human avoidance in the chronically stressed fish possibly reflects global apathy, a common expression of poor welfare as described above (Boissy et al., 2001) . This might also be linked to the decrease in swimming activity previously observed in various fish species exposed to hypoxia conditions (Steffensen and Farrell, 1998; Remen et al., 2015) .
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This finding validates the relevance of our human avoidance test, an adaptation of a classical test commonly used in terrestrial farmed animals (see Waiblinger et al. (2006) for a review).
To our knowledge, this is the first time that reactivity to human presence has been reported in farmed fish. The major advantage of the human avoidance test is that it can be easily applied on farms at the group level and can be considered to be a sentience-based indicator of welfare.
Appetitive conditioning
Fish from the control group, but not the stressed group, correctly learned to associate a neutral stimulus with a food reward. In the control group, the conditioned response tended to be higher than baseline level after 8 trials and it was higher in the control than in the stressed group at trial 5, showing the remarkable learning skills of the rainbow trout in a classical appetitive conditioning paradigm. The acquisition is faster than previously observed in sea bream (Sparus aurata), which associate a US with a CS after approximately 16 trials (Folkedal et al., 2018) . The inherent stress effect of a reduced appetite, as demonstrated by a significant reduction in growth in the stressed group compared to the control group, might represent an explanation of the impaired learning in the stressed group. Nevertheless, fish from both groups did finally group around the feeder when the food was effectively distributed at the end of trial 18. This final grouping excludes a putative decrease in physical capacities induced by hypoxia, since stressed fish were still able to swim and orientate towards the food when the distribution did occur. The lack of responsiveness when the CS was activated alone suggests a failure to adapt to the behavioural challenge proposed by the rewarded conditioning. With regards to adaptive function, fish previously exposed to poor water quality have to allocate their energy to vital functions avoiding useless displacements, here represented by a non-immediately rewarded signal. Interestingly, this effect was observed even 2 weeks after the end of the hypoxia and ammonia exposure, which suggests 1 that such a chronic stressor has profound and long-lasting effects on food-anticipatory behaviour. More than a learning skill assessment, the inclination of an individual to expect a positive event is by itself a relevant way to measure a positive emotional state (Spruijt et al., 2001) . Here, the lack of this inclination might contrarily indicate a global apathy in stressed
fish. An inhibition of appetitive conditioned responses was also demonstrated in Atlantic salmon (Salmo salar) a few hours after different acute stressors (Folkedal et al., 2012b) , but this is the first time such an inhibition has been demonstrated 2 weeks after a chronic exposure to poor water quality in rainbow trout. In another study including different feed rations, (Folkedal et al., 2012a ) demonstrated that hunger level was a mediator between the conflicting motivational systems in salmon post-smolt. The conditioned response towards food appears to be a trade-off between competitive motivational systems (hunger, fear, etc.) where the decision making of stressed fish is directed towards stress coping as well as influenced by a general lack of feeding motivation. Here, there is still a discrepancy between the appetitive response and feed intake, since the fish may feed but not respond strongly to the CS. The highly responsive HPI axis observed in chronically stressed fish might have longterm effects on brain function, possibly due to the dysfunction of stress-related neurotransmitters (serotonin) that can interfere with efficient storage of information (Mendl et al., 2001; Lepage et al., 2005; Laursen et al., 2013; Vindas et al., 2016) . Further studies would be required to measure neurotransmitter levels when rainbow trout are exposed to poor water quality and to confirm their possible implication in appetitive conditioning, even 2 weeks after the end of hypoxia and ammonia exposure. To rule out appetite as a key factor of poor water quality challenge or not, an alternative paradigm would be to use an aversive US, as already tested in rainbow trout (Yue et al., 2004) . However, fish food-anticipatory behaviour is an easy and applicable way to measure a possible negative effect of chronic stress in aquaculture systems. Farmers can easily observe food-anticipatory behaviour during routine inspection before food distribution and the present study demonstrates that it provides a good operational sentience-based welfare indicator at the group level. Now commonly used in terrestrial farmed animals (see Paul et al. (2005) for a review), cognitive science also seems to offer novel and promising approaches for welfare assessment in fish.
Conclusion
Accurate assessment of emotion and cognition is now crucial in animal welfare research. This study provides fresh insights, which can be easily adapted for farmed fish. Here we show that any behavioural modifications observed at the group level could be considered to be sentinel or "Iceberg" indicators providing early warning in case of environmental disturbance. Then practical sentience-based tests can be performed in fish kept in their home tank. We demonstrated that behavioural responses to a standardized human approach and food distribution anticipation could be directly observed by farmers and considered as sensitive welfare markers. These innovative sentience-based tools should be of great interest to the European aquaculture industry, which should be able to control fish welfare by taking into account the mental states of the animals. Table 2 . Mean (± SEM) weight (W), length (L), condition factor (K-factor = 100 x W/L 3 ) and plasma cortisol levels measured on control and stressed fish 30 minutes after the start of the open-field test. Behavioural parameters (mean ± SEM) were observed during the 20-minute test. Control and stressed groups were compared using Student t-tests.
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